ABSTRACT. Previous studies of T cell reconstitution following allogeneic stem cell transplantation have described long-lasting T cell defects, including decreased levels of autocrine proliferating CD4+ T cells. However, T cell functions during the early phase of conditioning-induced, pre-engraftment pancytopenia have not been characterized previously. We used a whole blood assay to investigate T cell proliferation and cytokine release during the period of pre-engraftment cytopenia. The study included 13 acute leukemia patients receiving myeloablative conditioning followed by transplantation of G-CSF-mobilised peripheral blood stem cells derived from HLA-matched family donors. Maximal proliferation and cytokine release could not be reached by anti-CD3 stimulation alone, but was dependent on the presence of additional costimulation with anti-CD28. Circulating T cells showed a broad cytokine release profile after activation, and the highest levels were detected for IFNγ, GM-CSF and IL-6. Correlation analyses showed that TNFα/IL-4/IL-5/IL-13 in particular were released as a separate cluster, IFNγ and GM-CSF correlated strongly, whereas IL-17 showed a weak correlation to IL-6 only. The capacity of circulating T cells derived during pre-engraftment cytopenia to release high levels of IFNγ, IL-6 and IL-17 in response to in vitro activation with anti-CD3+anti-CD28 showed statistically significant correlations with later acute GVHD. We conclude that allotransplanted patients have a functional T cell system even during the pre-engraftment period of severe pancytopenia.
Allotransplantation with peripheral blood stem cells (PBSC) is used in the treatment of younger patients with acute leukemia [1] . The use of PBSC instead of bone marrow stem cells is associated with rapid engraftment and thereby a shorter period of severe, treatmentinduced neutropenia [2] [3] [4] . Thus, the use of PBSC alters myeloid regeneration, and the higher frequency of graftversus-host disease (GVHD) in these patients [5, 6] suggests that the lymphoid reconstitution is also modulated. Myeloablative conditioning, combined with allogeneic stem cell transplantation, is followed by a period of severe T cell defects that may last for several months [7] [8] [9] [10] . Additionally, the rate of reconstitution differs between T cell subsets [11, 12] . The level of circulating autocrine proliferating CD4 + T cells is often decreased for at least six months [13, 14] . There is a predominance of memory-type CD45RO + cells and a relative absence of naivetype CD45RA + cells among these CD4 + cells [15] [16] [17] . In contrast, the absolute number of CD8 + T cells is often increased early after the transplantation [11] , and the number of CD16 + CD56 + NK lymphocytes usually returns to normal within six weeks [18] . Thus, the post-transplant, quantitative lymphocyte abnormalities have been extensively studied, but the qualitative or functional T cell characteristics during the early period of severe pancytopenia, have not been investigated. Rapid lymphoid reconstitution after allotransplantation is associated with a decreased risk of post-transplant AML relapse [19] , an observation suggesting that immunological events during this early post-transplant period are important for the anti-leukemic T cell reactivity. Targeting of the remaining T cells during lymphopenia should therefore be considered to modulate graft-versus-host reactivity, increase defence against infections, or enhance posttransplant anti-leukemic reactivity. In this context, we investigated the function of circulating T cells derived from acute leukemia patients with severe pancytopenia following myeloablative conditioning and allotransplantation with PBSC derived from family donors. Our intention was to examine the total cytokine release capacity of circulating T cells, and for this reason we used experimental models based on mitogenic and not antigen-specific, T cell activation.
METHODS AND MATERIALS

Patients and samples
The regional Ethics Committee (REK III, University of Bergen, Norway) approved the studies. Blood samples were collected after informed, written consent from consecutive patients with acute leukemia over a 21-month period. The clinical details of the patients are summarized in table 1. All patients received myeloablative conditioning chemotherapy with busulfan and cyclophosphamide, without total body irradiation. Busulfan was administered intravenously as 0.8 mg/kg over two hours every sixth hour from day -7 to day -4 pretransplant, and cyclophosphamide was administered intravenously as 60 mg/kg on days -3 and -2. Patients with acute lymphoblastic leukemia or AML M4/M5, in addition received 12 mg of methotrexate as an intrathecal injection on day -4. The patients received intravenous GVHD prophylaxis with cyclosporine and methotrexate. Cyclosporine was started on day -1 and the targeted serum level was 250-350 ng/mL. Methotrexate was administered intravenously as 15 mg/m 2 on day + 1 and 10 mg/m 2 on days + 3, + 6 and + 11 posttransplant. All patients were transplanted with PBSC derived from HLA-identical family donors. The stem cell donors received G-CSF 10 μg/kg/day subcutaneously once daily for five days, before harvesting by leukapheresis and transplantation of the stem cell graft. Blood samples were collected during the post-transplant period of pre-engraftment pancytopenia. All patients then developed severe cytopenia with total leukocyte counts below 0.5 x 10 9 /L, and a dependency on regular platelet transfusions to maintain peripheral blood platelet counts above 10-20 x 10 9 /L. The median duration from transplantation until the first day with cytopenia was three days (range one-six days), and the median duration of neutropenia (total leukocyte counts below 0.5 x 10 9 /L) was 8.5 days (range four-17 days). All samples were collected between 08:00 and 09:00 a.m., through a central venous catheter. Thirteen consecutive patients were sampled regularly during the cytopenic period with three-five day intervals. At the time of sampling, all patients had neutrophil counts < 0.5 x 10 9 /L or lymphocyte counts ≤ 0.2 x 10 9 /L. Lymphocyte counts below 0.2 x 10 9 /L were observed for 23 out of 31 samples. Patients were regularly screened for cytomegalovirus (CMV) infections, but none of them showed clinical or laboratory (CMV-PCR screening) signs of viral reactivation or infection.
In vitro T cell examination
Heparinized blood samples were diluted with growth medium within one hour, and in vitro cultures were prepared within two hours of sampling (see below). Previous methodological studies have demonstrated that a delay of up to eight hours before preparation of cultures does not have any major influence [20] . Cultures were prepared with serum-free X-vivo 10 ® medium (BioWhittaker, Walkersville, MA, USA) with 100 μg/mL of gentamicin. Recombinant human IL-2 (Peprotech, Rocky Hill, NJ, USA) was used at a final concentration of 20 ng/mL [20, 21] . Anti-CD3 (1.5 mg/mL; mouse IgE Moab; CLB-T3/4.E) [21] and anti-CD28 (2 mg/mL; mouse IgG1 Moab, CLB-CD28/1) were purchased from The Central Laboratory of the Netherlands Red Cross Blood Transfusion Services (Amsterdam, The Netherlands) [20, 21] . These antibodies were diluted in the culture medium (0.1 mL antibody diluted up to 12.5 mL, final dilution 1:125), and these stock solutions were stored at -70 o C [20] . The anti-CD3 Moab was further diluted to 1:500 and anti-CD28 to 1:250, before being used in the experiments [20, 21] . The whole-blood cytokine release assay is a modification of the in vitro technique previously characterized in detail by Wendelbo et al. [20] . Two ml of heparinized blood was diluted with 4.6 mL of medium before cultures were prepared in tissue culture tubes (Falcon tubes 3033, 15 mL, BD, NJ). Into each tube we then added: i) 500 μL of medium-diluted blood; ii) 1,000 μL of culture medium eventually supplemented with exogenous IL-2; iii) 200 μL of anti-CD3 and eventually 200 μL of anti-CD28. Supernatants were harvested after four days of incubation at 37°C in a humidified atmosphere of 5% CO 2 . Alternatively, 50 μL of diluted blood was added to U-bottomed microtiter plates (Costar 3796, Cambridge, MA, USA) together with 100 μL of medium eventually supplemented with IL-2 20 ng/mL, 20 μL of anti-CD3 and 20 μL of anti-CD28. H-thymidine (Amersham, UK; TRA 310, 37 kBq/well) was added to the microtiter cultures after three days and nuclear radioactivity determined 18 hours later [20] . Because we used a T cellspecific activation signal (anti-CD3), we refer to these responses as T cell responses. Control experiments showed no detectable response in anti-CD28/IL-2 control cultures. Cytokine levels were determined either by ELISA (IFN-γ, GM-CSF, IL-17; Quantikine ELISA kits, R&D Systems, Abingdon, UK) or by multiplex analyses (IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13 and TNFα; Cytokine 10-Plex for Luminex, Biosource International, CA, USA). All analyses were performed strictly according to the manufacturers' instructions. Standard curves were constructed using the mean of duplicate determinations, and differences between duplicates were generally < 10% of the mean. The minimal detectable levels were: IFNγ 8 pg/mL, GM-CSF 3 pg/mL, TNF-α 10 pg/mL, IL-1β 15 pg/mL, IL-2 6 pg/mL, IL-4 5 pg/mL, IL-5 and IL-6 3 pg/mL, IL-10 5 pg/mL, IL-12 4 pg/mL, IL-13 32 pg/mL and IL-17 15 pg/mL.
Analysis of the data
The statistical analyses were performed using a standard software package (SPSS 15.0, SPSS, Chicago, IL, USA). Most parameters displayed a skewed distribution, and only non-parametric tests were used. Unless otherwise stated, all samples were regarded as independent biological events because the clinical and biological status differed even when samples were collected from the same patient at different times. The Kendall test was used for the correlation analyses. Wilcoxon's 2-tailed test was used for analyses of paired observations, and the MannWhitney U test for comparison of independent samples. Proliferation was assayed in triplicate, and the mean counts per minute (cpm) were used in all statistical comparisons. Significant proliferation was defined as 3 H-thymidine incorporation corresponding to > 1,000 cpm [20] . For the analyses of cytokine levels in GVHD, only the first sample collected from each patient was included.
RESULTS
Proliferative T cell responses are detected early after allogeneic stem cell transplantation
We investigated the proliferative T cell responsiveness in the whole blood assay for 31 samples derived from 13 consecutive, allotransplanted patients. The overall results are presented in figure 1A . The T cells showed no spontaneous proliferation when incubated in medium alone or with anti-CD3 alone (nuclear 3 H-thymidine incorporation corresponding to < 1,000 cpm). Detectable 3 H-thymidine incorporation was observed only for six of 31 samples (derived from five different patients), when T cells were activated with anti-CD3 + IL-2. In contrast, proliferation was significantly increased when the cells were stimulated with anti-CD3 + co-stimulatory anti-CD28 (16 out of 31 samples with detectable responses) compared with anti-CD3 alone (p < 0.001). The responses could be even further increased by adding exogenous IL-2 together with anti-CD3 + anti CD28 (p = 0.002). Thus, detectable T cell proliferation can be induced before hematopoietic reconstitution even for these severely immunocompromized patients. Approximately half of the samples were collected during the first five days of the cytopenic period and the other half after 6-15 days of cytopenia. We found no statistically significant differences in T cell proliferation between early and late samples (data not shown). Furthermore, the proliferative responsiveness was not different for samples collected within the first 24 hours after methotrexate GVHD prophylaxis (data not shown).
A broad T cell cytokine response is detected during pre-engraftment cytopenia
Both clinical and experimental studies suggest that cytokines are important in the pathogenesis of GVHD. This is true both for IFNγ that is released at high levels after activation both by normal and post-engraftment T cells [22] [23] [24] , and for IL-17, which seems to cooperate with IFN-γ [25, 26] . We therefore investigated an extended T cell cytokine release profile for 28 unselected samples derived from 12 consecutive patients. A total of 10 T cellsecreted cytokines were examined. The overall results are summarized in table 2, and the results for IFNγ, GM-CSF and IL-17 are presented in detail in figure 1. It can be seen that i) the highest cytokine levels were generally detected after activation with anti-CD3 + anti-CD28 + IL-2, the only exception being IL-17; ii) the highest concentrations were observed for IL-6, GM-CSF and particularly IFNγ; iii) lower levels were detected for IL-2, TNFα and the immunosuppressive cytokines IL-4, IL-10 and IL-13; iv) detectable levels of the T cell growth factor IL-2 were observed for most samples, whereas detectable IL-17 was seen for less than half of the samples. Furthermore, low or undetectable IL-1β and IL-12 levels were observed in the culture supernatants (data not shown). Similar results were observed when the statistical analyses only included the first sample collected from each patient (data not shown). No spontaneous release was observed for any cytokine except for IL-6; undetectable or very low levels were generally detected with anti-CD3 alone and relatively low levels of all cytokines were also detected with anti-CD3 + exogenous IL-2. Thus, circulating T cells derived during the early period of severe, pre-engraftment pancytopenia are able to release a wide range of cytokines in response to an optimal activation signal. We compared the cytokine release and leukocyte counts in peripheral blood at the time of sampling, and IL-17 was the only cytokine that showed a significant correlation with the number of circulating leukocytes (r = 0.388, p = 0.031). Finally, we compared the cytokine release for the severely cytopenic patients with samples derived from three patients with higher leukocyte counts as a sign of the start of hematopoietic reconstitution; IL-17 was then the only cytokine that differed significantly and showed higher levels for samples with higher counts (data not shown).
We did not find any difference in cytokine release when comparing samples derived early and late during cytopenia (data not shown). However, significantly higher GM-CSF levels were observed for samples collected the day after a methotrexate infusion (p = 0.045), whereas no such difference was observed for the other cytokines (data not shown).
The pre-engraftment release of different cytokines shows strong correlations
We investigated the correlations between the capacity to release various T cell cytokines. For these studies, we used the maximal responses induced by anti-CD3 + anti-CD28 + IL-2. The overall results are summarized in figure 2 . Strong correlations, corresponding to p < 0.01, were observed particularly for a cytokine The early IFN-γ response is influenced by the number of lymphocytes in the allograft A major portion of circulating lymphocytes in healthy individuals are T cells [27] , and most lymphocytes in peripheral blood stem cell grafts will therefore be T cells [28] . The number of T lymphocytes in our stem cell grafts was not available, and for this reason we had to compare the cytokine responses with the total number of infused lymphocytes (lymphocytes per kg of body weight). We then compared the lymphocyte numbers (table 1) with cytokine levels after activation with anti-CD3 + anti-CD28. This activation signal was chosen because cytokines are then released at relatively high, but not maximal levels (higher levels when IL-2 is also added) for most patients. In this analysis, we included only the first sample collected for the 12 consecutive patients. A significant correlation was observed between the number of infused lymphocytes and the IFNγ response (r = 0.567, p = 0.049), but not for the other cytokine responses. Thus, the post-transplant cytokine release profile for circulating T cells is influenced by the number of infused T cells.
Costimulatory T cell signalling differs for acute leukemia patients, with treatment-induced cytopenia due to conventional chemotherapy and myeloablative conditioning
We compared our present results for T cell release of IFNγ and GM-CSF with a group of acute leukemia patients receiving conventional intensive chemotherapy [22] . Neither IFNγ nor GM-CSF levels differed between these two groups after stimulation with anti-CD3 alone, anti-CD3 + anti-CD28 and anti-CD3 + anti-CD28 + IL-2 (data not shown). In contrast, a statistically significant decrease in IFNγ levels was seen after stimulation with anti-CD3 + IL-2 for allotransplanted patients (median level < 8 pg/mL, range < 8 -509 pg/mL, p < 0.001), compared with conventionally-treated patients (median level 65 pg/mL, range < 8 -> 2,000 pg/mL). Similarly, GM- CSF levels were also decreased for the allotransplanted patients (median 23 pg/mL, range < 3 -376 pg/mL, p = 0.022) compared with conventionally treated patients (median 154 pg/mL, range < 3 -> 1,000 pg/mL), after stimulation with anti-CD3 + IL-2. To summarise, T cells derived from allotransplanted patients showed relatively low cytokine responses in the absence of additional CD28-mediated costimulation even when the T cell growth factor IL-2 was added in excess, whereas maximal cytokine responsiveness for conventionally-treated patients was not dependent on additional anti-CD28-induced costimulation, and could be reached after anti-CD3 stimulation alone if exogenous IL-2 was present. These observations demonstrate that even though these two patient groups show comparable quantitative T cell defects, there are qualitative T cell differences between the groups (i.e. different dependency on CD28-mediated costimulation).
Patients with later, acute GVHD show increased T cell cytokine release during pre-engraftment cytopenia
Previous studies have demonstrated that IFNγ is important for the development of acute GVHD [29, 30] , and recent studies suggest that IL-17-releasing Th17 cells also contribute to the pathogenesis of this complication [25, 31, 32] . We therefore compared the cytokine release for patients with later, acute GVHD (four patients) and patients without GVHD (seven patients). A total of 12 patients were included in the cytokine studies, but one of these patients could not be included in the analyses because of early death from septicaemia. The onset and degree of GVHD are detailed for each patient in table 3. Only the first sample collected for each patient was included in these statistical analyses. We compared cytokine levels after stimulation with anti-CD3 + anti-CD28 ± IL-2 because these two activation signals caused the highest cytokine release. Those cytokine/activation signal combinations that showed a significant difference between patients with and without acute GVHD are presented in table 4 and figure 3 . It can be seen that high release of IFN-γ, IL-6 and IL-17 were associated with later, acute GVHD. The amount of infused lymphocytes did not differ significantly between patients with or without acute GVHD.
DISCUSSION
Several previous studies have investigated T cell reconstitution after allogeneic stem cell transplantation [33] [34] [35] , but T cell functions during the early period of preengraftment cytopenia has not been studied either in patients receiving blood or marrow stem cells. Immunological events during this early period may be important for graft-versus-leukemia effects since rapid lymphoid reconstitution is associated with reduced risk of leukemia relapse [19] . In this context, we examined T cell functions in allotransplanted, acute leukemia patients with pre-engraftment pancytopenia. We then used experimental strategies with mitogenic T cell activation to evaluate the total capacity of cytokine release, but the models were based on activation signalling initiated through physiological pathways (CD3, CD25, CD28). Antigenspecific activation was not used, and the influence of previous antigen-exposure and antigen-specific immunoregulatory effects were thereby avoided. Our use of a standardised, whole blood assay for analysis of T cell responses has several advantages [20] . Firstly, a well-characterized IgE anti-CD3 antibody was used for T cell activation. Secondly, the assay is suitable for repeated examination of T cell functions for severely ill and leukopenic patients, when limited blood sample volumes are available. Thirdly, proliferative responses and cytokine release can be quantified, and by using this assay our results are comparable with previous studies of other patient groups [21, [36] [37] [38] . The major disadvantage is that the responses are determined both by qualitative and quantitative characteristics [20] . We observed detectable T cell proliferation in most samples during pre-engraftment cytopenia. However, induction of a detectable response was usually dependent on exogenous anti-CD28-mediated costimulation, suggesting that other immunocompetent cells cannot initiate optimal co-stimulatory signalling in these severely immunocompromized patients. We investigated T cell cytokine responsiveness in our whole blood assay without T cell enrichment because only small sample volumes were available, and enrichment procedures may, incidentally, influence the functional characteristics of the cells. However, T cellspecific activation signals were used, and for this reason we refer to the detected responses as T cell responses. The absence of spontaneous cytokine release in control cultures also supports this, the only exception being IL-6 that was also detected in control cultures. This release may have been caused by monocytes, but it should be emphasized that these levels were relatively low compared with the levels reached after optimal T cell activation.
Circulating T cells derived from these severely immunocompromized patients were able to release a wide range of cytokines, and the highest levels were generally reached when T cell activating anti-CD3 was present, together with exogenous costimulatory anti-CD28 and the T cell growth factor IL-2. High levels were detected especially for IFNγ, GM-CSF and IL-6. The ability to release these cytokines is probably influenced both by quantitative and qualitative characteristics of the patients; but only IFNγ levels showed a significant correlation with the number of infused donor T cells, whereas high GM-CSF/IL-6 levels were detected independently of this number. The capacity to release high levels of GM-CSF and IFNγ has also been observed for circulating T cells derived from normal individuals, as well as allotransplanted leukemia patients when examined after the hematopoietic reconstitution [23, 24] . Furthermore, the immunoregulatory cytokines TNFα and IL-5, together with the anti-inflammatory IL-4/IL-10/IL-13, were released at lower levels and seemed to form a separate cluster, together with IL-6, with relatively strong correlations between the maximal concentrations reached ( figure 3) . Finally, the proinflammatory IL-17 levels showed no strong correlations to any other cytokines. We found significantly higher GM-CSF release for samples collected the day after methotrexate infusion, whereas the other cytokine responses and the proliferative T cell responses were not altered. This increase is possibly due to an effect of methotrexate on the accessory cells; it is unlikely that this reflects a general T cell stimulatory effect because methotrexate is used for T cellsuppressive GVHD prophylaxis. This observation rather illustrates that the influence of various clinical parameters differs between the cytokine responses; GM-CSF is affected by methotrexate, IFN-γ is more dependent on the number of infused T cells, and IL-17 levels depend on the number of circulating leukocytes. Cytokine levels in allotransplanted patients with and without acute GVHD. T cell cytokine release was tested during the early phase of post-transplant cytopenia before hematopoietic engraftment. IFNγ was tested after stimulation with anti-CD3 + anti-CD28, whereas IL-6 and IL-17 were tested after stimulation with anti-CD3 + anti-CD28 + IL-2. The data are presented as the cytokine concentrations in the supernatants for patients with later, acute GVHD (•) and patients without (○) this complication.
Previous studies have shown that the risk of GVHD depends on the number of transplanted donor T cells [5, 39] , and a recent study demonstrated that posttransplant T cell development is also important for the GVHD risk [40] . Our present study is the first to suggest that T cell cytokine responsiveness during the early period of severe pre-engraftment cytopenia is important for the risk of later GVHD in addition to the transplanted T cell number and post-transplant T cell expansion. Our present results suggest that the early capacity to release IL-6, IL-17 and IFNγ influences the risk of later GVHD, and probably these cytokines have independent effects because their levels showed no significant correlations. These results have to be interpreted with great care because of the low number of patients involved. However, other observations also suggest that these particular cytokines are important in the development of GVHD. Firstly, an IL-6 genotype associated with high postengraftment serum IL-6 levels, is a risk factor for later development of GVHD [41] , and our present study suggest that the early, post-transplant T cell capacity to release IL-6 is important. Secondly, a recent study described increased numbers of circulating proinflammatory Th17 cells prior to development of GVHD after hematopoietic reconstitution [42] ; our present results suggest that this Th17/IL-17 effect is established before engraftment. Finally, IFNγ seems to be involved in the pathogenesis of acute GVHD [29] , and high plasma levels of IFNγ are observed during this complication [43] . Thus, both our own results as well as other observations suggest that these three cytokines are important; our present results indicate that the T cell capacity to release these cytokines during the early pre-engraftment period, reflects a risk of later, acute GVHD. The immunosuppressive, regulatory T cells and the proinflammatory Th17 (IL-17 releasing) T cell subsets have been recently characterized in detail. IL-17 is a family of cytokines that is produced almost exclusively by a distinct lineage of proinflammatory Th17 cells [44] [45] [46] . The two subsets are related and Th17 cells can be differentiated from regulatory T cells [47] . Several studies suggest that regulatory T cells can down-regulate or even prevent acute GVHD [25, [48] [49] [50] , but despite the developmental connection between the two subsets, the previous studies have not investigated whether Th17 cells contribute to the development of GVHD. In the present study, we did not investigate regulatory T cells, but our results suggest that there is an association between later, acute GVHD and the preengraftment capacity to release IL-17. Recent observations in animal models also suggest a role for IL-17/Th17 cells in the development of acute GVHD [32, 51] . The GVHD-associated cytokine release profiles (high IL-6, IL-17 and IFNγ), were detected during early preengraftment cytopenia before the development of clinical disease. However, it is not surprising that such early parameters are associated with later development of acute GVHD, because even serum biomarkers reflecting initial GVHD-associated tissue damage can be elevated at least one week before clinical symptoms appear [52] . To conclude, even for acute leukemia patients receiving myeloablative conditioning therapy, functional T cells remain in the circulation during the period of severe cytopenia before hematopoietic reconstitution, and the cytokine release capacity of these cells may be involved in the development of GVHD.
